We describe methods for time-resolved imaging of the complex coherence of a spectral scene at one or more optical delays using electro-optically modulated polarization interferometers. By encoding the coherence information at harmonics of the electro-optic modulation frequency, it can be possible to obtain unambiguous spatio-temporal information about important physical parameters that govern the spectral content of the scene. We discuss the physical principles upon which the instrument is based and describe some applications in plasma spectroscopy, including Doppler tomography, Zeeman spectroscopy and relative line intensity measurements.
Introduction
It is well known that Fourier transform spectrometers (interferometers) offer some potential advantages over slit-coupled grating spectrometers, not least of which is the Jacquinot, or throughput advantage [1] and the ability to obtain two-dimensional spectral images. These advantages have not been previously exploited because of the perceived need to scan the interferometric optical path length delay in order to characterize the spectral coherence, and the difficulty of constructing stable optical interferometers with a wide field-of-view.
In the past few years we have been developing electro-optically modulated polarization interferometers for wide-field time-resolved 'coherence-imaging', with applications in plasma Doppler spectroscopy (including CXRS), polarization spectroscopy (Zeeman and MSE) and infrared thermography [2, 3] . When the spectral content of a scene can be successfully represented by a small number of free parameters (e.g. Doppler broadening, blackbody radiation, polarized multiplets), it is often the case that these parameters can be recovered from measurements of the complex coherence (phase and amplitude of the interferogram) at a small number of appropriately chosen fixed optical path length delays. After isolating the spectral feature of interest using an interference filter, we use one or more electro-optically modulated birefringent plates placed between a polarizer and analyser to encode the spectral information over a spread of harmonics of the modulation frequency. Using field-of-view widening techniques, suitable imaging optics and two-dimensional detector arrays (fast-framing CCDs or multi-anode PMTs) it is possible to perform time-resolved two-dimensional spectral imaging.
In this paper, we report on recent technological advances and improvements in the performance of the modulated optical solid spectrometer (MOSS) coherence-imaging cameras. In particular, we discuss Doppler tomography of the ion velocity distribution function and report results obtained using single and multiple delay coherence-imaging cameras on the H-1 heliac at the ANU. As well, we show how the cameras can be used to image polarized multiplets and to interferometrically estimate spectral line intensity ratios.
Spectral line coherence
The Fourier transform spectrometer (interferometer) splits an incident scalar wave component u(t), relatively delaying the nominally equal amplitude components by time τ before they are recombined at a square-law detector. In terms of the corresponding phase delay φ = 2πντ , the intensity of the transmitted or reflected light at the final beam combiner, is proportional to
where I 0 = uu * is the spectrally integrated irradiance, or brightness, andγ is the complex coherence given byγ = u(t)u * (t + τ ) /I 0 where angle brackets denote a time average [4] . In general, the complex temporal coherence is related to the spectral distribution of the irradiance I (ν) through the Wiener-Khinchine theorem
For quasi-monochromatic radiation we can represent the field u as the analytic signal
u(t) = A(t) exp (−i2πν 0 t)
where the complex amplitude A changes slowly compared with the complex phasor [5] . The interferometric phase delay can also be approximated by
where we have substituted ν = ν 0 (1 + ξ) where ξ = (ν − ν 0 )/ν 0 is a normalized frequency difference coordinate, φ 0 = 2πν 0 τ 0 where τ 0 is the centre-frequency time delay and where
accounts for any optical frequency dispersion of the time delay. Using equation (4) in equations (1) and (2) obtains the quasi-monochromatic interferogram
where the self coherence of the spectral line is given by
and it is convenient to introduce the scaled phase delay coordinatê
To illustrate the properties of the interferogram, we consider the normalized spectral lineshape g characterized by spectral line shift ξ D = ν D /ν 0 and width σ = ν/ν 0
I (ν)
The interferogram is obtained from equations (6) and (8) as
where, for a spectral profile having even symmetry, the fringe visibility, or contrast ζ ≡ |γ | and phase shift φ D are given by
where G is the Fourier transform of the lineshape g. Observe that variations in the line centre frequency ν 0 shift the interferogram phase but leave the fringe visibility ζ essentially unchanged. On the other hand, when the spectral width changes (but not the shift), only the fringe visibility is affected, the underlying phase remaining undisturbed. We show below that the decoupling of the shift and shape has important advantages for time-domain spectroscopic methods applied to Doppler tomography. Measurements of the coherence at one or more fixed delay offsets φ 0 is sufficient to characterize a spectrum that can be described in terms of a small number of parameters. By using path-length modulation techniques to shift the coherence information to the temporal frequency domain, it is possible to perform two-dimensional time-resolved imaging of simple spectral scenes.
The MOSS spectrometer-instrument overview
The principal difficulty with the standard optical FTS is its sensitivity to mechanical and acoustic noise. The MOSS spectrometer is a polarization interferometer based on electro-optic and birefringent crystal plates (see figure 1) . It is compact and has high optical throughput (compared with a grating spectrometer of comparable resolving power). By electro-optically modulating the optical path length, it is possible to image the interferogram contrast and phase at one or more fixed optical delays. For simple spectral scenes, the coherence information may be sufficient to recover the underlying physical quantities that influence the radiated spectrum.
Light is coupled to the MOSS system either directly or via lens-coupled optical fibres, before passing through a suitable filter (e.g. an optical interference filter) which isolates the spectral line or region of interest. The filtered beam is polarized before traversing a birefringent plate, such as lithium niobate, having its optic axis (or Z-axis) oriented at 45˚to the plane of polarization. The birefringence gives rise to a fixed optial path length delay between the orthogonally polarized characteristic waves. Writing k 0 = 2πν 0 /c, a plate of thickness L introduces a fixed phase delay φ ≡ φ 0 given by
where N is the order of interference and B = n E − n O is the birefringence of the delay plate and n E and n O are the extraordinary and ordinary wave refractive indices, respectively. The orthogonally polarized and relatively delayed waves that exit the birefringent delay plate are made to interfere by means of an analyser prior to detection. The resulting signal is given by equation (6) but with the incident brightness halved by the first polarizing beamsplitter.
The simplest way to measure the coherence at delay φ 0 is to sinusoidally modulate the optical path delay by φ 1 π/2 so that the total time-varying interferometric phase is given bỹ
Lithium niobate (LiNbO 3 ) is an artifical birefringent crystal (n E ∼ 2.25, n O ∼ 2.35) that also exhibits pyroelectric, piezoelectric, photoelastic, ferroelectric and electro-optic effects [6] . The delay modulationφ 1 = φ 1 sin t can be conveniently obtained by applying an oscillating electric field along the electro-optic crystal Z-axis transverse to the direction of the light propagation. The high voltage modulation of the electro-optic plate(s) is typically achieved using a function generator, a standard audio-amplifier and step-up transformer (100 : 1) to produce drive voltages of up to 4 kV p-p at frequencies in the range 1-50 kHz. The useful optical bandwidth of the system is set by the properties of the LiNbO 3 plate, which is transparent in the range 0.4-5 µm, though the use of BBO crystals could allow operation well into the ultraviolet (>190 nm). When using phototube detectors, light signals are generally low pass filtered and amplified prior to synchronous data acquisition using 4f , 8f or 16f synchronous external clocks, depending on the spread of harmonic carriers. When using integrating CCD detector arrays, the modulation is usually synchronized with the detector frame rate. Depending on the data rate, the signals can be demodulated in real time or analysed post-shot. Demodulation algorithms that self-consistently determine the modulation index φ 1 have been developed to suit staircase, sine wave and other modulation strategies.
Instrument response
We describe here only the most important features of the instrument function and performance. A detailed analysis is presented elsewhere [3] .
For light collected from an extended source, the measured fringe visibility includes an instrumental component ζ I such that ζ = ζ I ζ S where ζ S is the lineshape-dependent fringe contrast at delay φ 0 . The instrumental fringe contrast, which is analogous to the familiar slit function for grating spectrometers, is determined by the collected light solid angle and optical imperfections, and reduces the measurement sensitivity to variations in source contrast ζ S . Dividing the measured fringe visibility by the known instrument contrast to obtain ζ S is a much simpler process than the usual slit-function deconvolution correction required for grating based instruments.
The MOSS spectral resolution is proportional to the optical phase delay introduced by the birefringent plate. For example, a spectral line of width 0.1 nm and centred at 500 nm requires a plate producing a delay of roughly κN ∼ 5000 waves in order to be sensitive to changes in the optical coherence length. Note that it is necessary to account for the chromaticity of the birefringence which is given by the factor (see equation (5))
where B 0 ≡ B(ν 0 ). For LiNbO 3 at 488 nm, κ = 1.54 and is a slowly varying function of optical frequency. Given that the resolution of a grating spectrometer is inversely proportional to the entrance and exit slit widths, the MOSS light throughput advantage is most evident in high resolution applications. For interferometers, however, instrument contrast degradation with increasing collection solid angle can ultimately limit the useful light throughput at high resolution. It can be shown that the visibility decrement due to the integration over solid angle is negligible provided n 2 /κN . This condition shows a trade-off between resolving power ∼N and collection solid angle , but is mitigated by a gain factor of n 2 / √ 2, where n is the mean plate refractive index, compared with a free space Michelson interferometer [7] .
It is a property of lithium niobate that the phase delay φ 0 drifts slowly in time due to ambient temperature variations. To overcome this problem it can be advantageous to separate the modulator and optical delay functions. Temperature-compensated lithium niobate modulators can be constructed by crossing two equi-thickness plates (to cancel the net birefringence) and reversing the polarities of the modulating voltage [8] . The loss of instrument contrast due to the static residual birefringence for off-axis rays can again be largely eliminated using field-widening techniques. Temperature-drift compensated compound delay plates can be constructed using birefringent crystals having different material properties [9] .
Coherence-imaging cameras
We have constructed a number of one-dimensional and two-dimensional imaging systems for plasma cross-sectional imaging and tomography, and using both linear and two-dimensional multi-anode phototube arrays and fast-framing CCD arrays [10, 9] . The cameras uses standard photographic lenses and 50 mm optics with typically ∼40 mm clear aperture to match that of the birefringent plates. The cameras are modular in construction, using interchangeable flanged components that can be bolted to an optical rail.
Because rays from different plasma spatial positions are angularly multiplexed through the MOSS optical components, a key issue is the degradation of the instrument contrast associated with the angular variation of the phase delay introduced by the birefringent plate. In imaging applications using polarization interferometers, a wide field-of-view can be achieved by using crossed birefringent crystals with an intervening half wave plate at an azimuth of 45˚ [7, 10] . The resulting field-of-view is expanded by a factor [2 √ 2n/B] 1/2 ∼ 8 to typically tens of degrees or more. The instrument response can be measured by illuminating the field of view with a suitably diffused monochromatic light source (in our case, laser beam) having wavelength at or near the wavelength of interest.
Doppler spectroscopy and tomography
Doppler spectroscopy is a routine diagnostic for sensing the gross features of the velocity distribution of excited species in radiating, optically thin media such as plasmas [11, 12] . Despite the simple linear mapping from velocity distribution to emission spectrum via ξ ≡ V /c, interpretation is complicated by the fact that the Doppler shift conveys only the velocity component in the direction of view. For example, for a uniform medium in thermal equilibrium, and provided other line broadening mechanisms can be ignored, the spectral lineshape is a Gaussian whose width and shift are related respectively to the temperature and to the component of the gross motion (e.g. rotation) of the emitting species in the direction of view. When the distribution function is inhomogeneous, the measured spectrum is the local brightness-weighted summation of Gaussians of varying width and shift. The problem thus combines the three-dimensional Radon transform of the velocity distribution function (integration over planes) brought about by the Doppler effect and the two-dimensional Radon transform (integration over lines) of the spatially inhomogeneous radiating source. Even with complete measurements (i.e. line-integrated measurements at all angles and impact parameters), the general inverse Doppler tomography problem is singular.
It has been shown recently that for the case of drifting local thermal equilibrium, tomographic measurements of the light coherence at a single fixed delay suffice for the reconstruction of the emissivity (dc), flow vorticity (phase) and species temperature (fringe visibility) [13] . Measurements of the coherence at a number of distinct delays provide additonal independent constraints that ensure good condition for the inverse problem or enable the reconstruction of distribution functions that are isotropic in the drifting frame.
We consider spectral line radiation (centre frequency ν 0 ) from an extended, isotropically radiating and optically thin inhomogeneous plasma. For simplicity, we approximate the measurement as a simple line integral of the emission along the line L(p, θ ) with impact parameter p and angle θ (directionp = (cos θ, sin θ) orthogonal tol ) in the observation cross-section (see figure 2 ). The measured emission spectrum e(ξ ;l ) can then be written as an integral of the local brightness-weighted spectral irradiance g(r, ξ;l ) where r is a position vector in the medium:
Assuming the Doppler effect is the predominant line-broadening mechanism, the local spectral irradiance is proportional to
The delta function selects those particles in the normalized velocity distribution of the radiating species f (r, v), where v = V/c and V is the species velocity vector, having component v ·l giving rise to normalized frequency shift ξ . When the radiating medium is in drifting LTE, the distribution function in the frame drifting locally with velocity v D (r) is given by
where v th (r) is the thermal velocity. The local emission spectrum in the directionl is obtained on substitution into equation (18) as
where ξ th ≡ v th (r) is the Doppler thermal width. Since the exponent involves r-dependent unknowns v D ·l and ξ th , and because the frequency-domain measurement convolves g(r, ξ) with the instrument spectral response, the tomography of the spectral irradiance e(ξ ;l) presents a difficult inverse problem (see equation (17)). By contrast, the local spectral coherence, which is the Fourier transform of the local spectrum, assumes a particularly simple separable form
Here, G 0 , which is the Fourier transform of the lineshape in the locally drifting frame, is given by
where T S (r) is the local species temperature and T C is the instrument 'characteristic temperature'
For optimum sensitivity to temperature changes, the characteristic temperature is chosen to be close to the expected source temperature requiringφ 0 v th = 2. Measurement of the coherence γ of the emission spectrum e(ξ ;l) at some fixed phase delay φ 0 delivers the fringe contrast
where (25) is the line-integrated brightness. Provided thatφ 0 v D 1, a quantity related to the species flow velocity can be obtained from the interferometric phase shift
The phase offsetφ 0 can be chosen to magnify the usually small Doppler shift component but not so large as to invalidate the first order approximation leading to equation (26) . It is apparent that the signals from a modulated, single fixed delay FTS can be related directly to line integral measurements of the scalar field I 0 G 0 and longitudinal line integral measurements of the vector field I 0 G 0 v D .
MOSS camera Doppler measurements in the H-1 heliac
The MOSS camera is mounted in front of a vacuum tank port and views the plasma via a pair of elongated flat mirrors that are supported inside the vacuum tank. The viewing geometry for the camera is shown in figure 3 . The full angle subtended by the plasma at the detector plane is ∼6.5˚while the imaging system magnification can be set between 10X and 15X. The plasma poloidal cross-section is imaged through the MOSS optics onto 16 or 32 channel multi-anode phototube arrays. Combined with information from the scanning far-infrared interferometer [14] , and single channel MOSS systems viewing toroidally, the camera has been used to study the dynamical radial force balance during confinement transitions in rf-sustained (7 MHz, 80 kW) discharges in argon at low magnetic field strengths (0.1 T) in the H-1 heliac. The H-1 heliac is a helical-axis toroidal magnetic plasma confinement device having major radius R = 1 m and a bean-shaped plasma cross-section of average minor radius a ∼ 0.2 m. The ion temperatures for these discharges, measured from the Doppler broadening of the Ar II 2 D 5/2 → 2 P 3/2 transition at 488 nm, range between 5 and 20 eV, increasing with magnetic field strength and decreasing with neutral fill pressure. Raw projection data for a low-field (0.06 T) discharge exhibiting a spontaneous transition to improved confinement are presented in figure 4 . At the transition the temperature increases by 30% to 9 eV and the density profile becomes more peaked. There is little change in the plasma flow speed. The results of tomographic unfolding of the projections (assuming that plasma conditions are constant on a flux surface) will be presented elsewhere [15] . For conditions of higher field strength or lower neutral fill pressure, we have observed inconsistencies in the force balance-inferred radial electric field using measurements at different crystal plate delays. There is also evidence for significant anisotropy of the distribution function. Closer study has revealed a substantial cold ion component (evident across the projection), possibly due to charge exchange with the background neutrals. The measured coherence as a function of delay plate thickness at the central probing chord and (25 mm thickness of LiNbO 3 is equivalent toφ 0 /2π = 7300 waves at 488 nm) for plasma discharges at 0.06 and 0.12 T is shown in figure 5 . The coherence at 0.12 T shows a clear departure from Gaussian, and is well fitted by a two-component model with temperatures 30 eV (0.6 fraction) and 3 eV (0.4 fraction). The large cold fraction may be due to the relatively poor confinement of hot argon ions in these low-field (r L /a ∼ 0.3) discharges. Additional broadening mechanisms such as Zeeman effect can be neglected under these discharge conditions. Confirming these findings, figure 6 shows the plasma-pulse-integrated spectral profile for the 488 nm line measured using a high resolution grating spectrometer and CCD array. The dotted curve is the computed lineshape based on the coherence measurements and the solid curve which fits the measurements is the convolution of the two-temperature profile with the measured Intensity (arb. units) Figure 6 . The computed spectral lineshape based on the two temperature fit to the data of figure 5 is shown as the dotted curve. The two temperatures are 30 and 3 eV with a 40% cold fraction. The symbols show the spectrum measured using a high resolution grating spectrometer and CCD array, while the solid curve conforming closely with the symbols is the result of convolving the twotemperature lineshape with the measured slit function. The remaining broad curve is the best-fit Gaussian which indicates a 'temperature' of 22 eV.
spectrometer slit function. The agreement is excellent. Because the strongly non-Gaussian distortion of the coherence profile is more or less apparent along all viewing chords, it is unlikely due to any strong inhomogeneity of the plasma temperature distribution. The results indicate the need for simultaneous measurements at a number of delays for the characterization of such non-thermal distributions. We return to this issue in section 7.
Spectroscopy of polarized multiplets
It is well known that spectral lines can be split, shifted and polarized by magnetic and electric fields (the Zeeman and Stark effects, respectively). The magnitude of the splitting and the polarization orientation of the multiplet components convey information about the vector fields. Modulating the polarization state of the multiplet varies the spectral content of the light. The change in the spectral shift or width can be then sensed by the MOSS spectrometer as a change in the interferogram phase or contrast. The phase and amplitude of these modulations give information about the orientation and magnitude of the originating field. The suitability of such techniques for measurement of motional Stark effect emission from injected neutral beams is discussed in [16] . Here, we briefly review the Zeeman effect and present experimental results illustrating the utility of coherence-based techniques.
Zeeman effect
The measurement of the poloidal magnetic field in a tokamak from the Zeeman splitting and polarization of the magnetic dipole radiation from heavy ions was suggested by Feldman [17] . While first results were promising [18] , the low light flux precluded time-resolved measurements. Accurate measurements of the poloidal field profile in the outer region of JIPP T-IIU discharges during current ramping experiments have been obtained by measuring the Zeeman splitting of He II (468.8 nm) using a Fabry-Perot interferometer [19] . Measurement of the emission from an injected lithium beam has also been recently proposed for edge current density measurements on DIII-D [20] . The upper and lower electronic levels of an atom or ion in a weak magnetic field are split into 2J + 1 sublevels with energy shifts given by
where, for L-S coupling, g αJ M is the Landé splitting factor, µ is the Bohr magneton and α denotes quantum numbers other than the total angular momentum J and magnetic quantum number M, where |M| J . Because of these shifts, the spectral line is split into a number of components whose relative intensities and polarizations depend on the corresponding changes in J and M [17, 21] . Viewed along B, the emission is zero for the M = 0 lines and is circularly polarized clockwise for M = +1 and counterclockwise for M = −1. Viewed in the direction perpendicular to B, the emission is linearly polarized perpendicular to B for M = ±1 and parallel to B for M = 0. For high temperature plasmas, this splitting is usually small compared to the Doppler broadening, so that polarization tagging of the frequency shifted Zeeman components is essential for their discrimination against the unshifted component.
To describe the polarization state, we take a coordinate system where γ is the angle between the magnetic field and the line-of-sight (taken to be in the z direction) and β is the angle between the projection of B onto the orthogonal x-y plane and the x axis (figure 7). The spectrum and polarization state of the emission is the line-of-sight integral of the contributions from all components of the Zeeman multiplet. With appropriate processing of the polarization state, the first spectral moment of the multiplet (obtained from the interferometric phase) can be shown to be proportional to the brightness-weighted component of the magnetic field along the viewing line-of-sight [22] .
Using a polarimeter to transmit alternately the π and σ manifolds, results in a modulation of the spectral width of the multiplet. By combining the polarimeter with a MOSS spectrometer of appropriate delay offset, it is possible to detect the associated changes in fringe contrast. The phase of the contrast modulation (relative to the polarimeter modulator phase) gives the magnetic field azimuth β, while the modulation depth is related to the magnetic field strength. The polarimeter can also be configured to switch between the left and right hand circular polarization components that are visible when the projection of the magnetic field line onto the line-of-sight is non-zero (γ = π/2). This switching modulates the first spectral moment and leads to a modulation in the interferometric phase. We have constructed a polarimeter (figure 8) capable of isolating any or all of the Stokes parameters that characterize the light polarization state [16] . The polarimeter uses two birefringent phase plates (delays δ 1 and δ 2 ) having their fast axes mutually oriented at 45˚. The plates are followed by an analyser oriented to transmit light which is polarized perpendicular to the fast axis of the first phase plate (i.e. polarized along the x direction in figure 7) . We represent the incident polarized electric field as the complex vector
where tan χ = |E y |/|E x | and ϕ is the phase angle between the x and y components of the wave and the time dependence is ignored. The intensity of the light transmitted by the final analyser is given by
s = (cos 2χ, sin 2χ cos ϕ, sin 2χ sin ϕ) (30) p = (cos δ 2 , sin δ 2 cos δ 1 , sin δ 2 sin δ 1 ).
Observe that equation (31) defines an optical phase shift vector analogous to the Stokes vector. The polarization state of the Zeeman emission components depends on angles (γ , β) defining the orientation of the magnetic field. This relationship can be conveniently expressed using the Stokes vectors for the central and shifted spectral components (see appendix)
where
and |s π | = |s ±σ | = 1. The intensities for the components vary with polar angle according to
where I 0 is the spectrally integrated irradiance, or brightness of the multiplet. Because the total spectrally integrated multiplet emission is unpolarized, the π and σ components need to be isolated from one another in order that the polarization analysis can reveal directional information about the magnetic field.
Coherence of the Zeeman multiplet
An equivalent approach to spectral discrimination, is to exploit the difference in the coherence of the π and σ manifolds by combining the polarimeter with a coherence imaging system. In combining the systems, the final polarimeter analyser also serves as the first polarizing element of the MOSS camera. The resulting optical layout is shown in figure 9 . The signal S obtained from the polarimeter-MOSS system is given by
whereφ 0 is the modulation phase (equation (15)), ζ π and ζ σ ± are the component contrasts at scaled delayφ 0 = κφ 0 and is the phase shift associated with the intensity-weighted centreof-mass shift of the σ components from ξ 0 . We assume for simplicity a normal Zeeman triplet with components sharing a common spectral lineshape g(ξ ) that is determined by effects such as Doppler broadening (i.e. ζ π = ζ σ ± ≡ ζ ). The magnetic-field dependent phase shift is then given by
ν c ν 0 (38) Figure 9 . Layout for the combined spherical quadrature polarimeter/MOSS spectrometer. In this depiction, the electro-optic modulator/delay plate is field widened, and the polarimetric modulation is effected using a photoelastic modulator. The polarimeter x-axis is indicated by the tag on the film polarizers.
where ν c = eB/2πm e is the cyclotron frequency. With some straightforward algebra, equation (37) reduces to
The terms independent of the Stokes parameters account for the contrast change associated with the orientation-dependent relative intensity of the shifted and unshifted components. In the absence of the polarimeter (i.e. δ 1 = δ 2 = 0, p = (1, 0, 0)), the received signal reduces to equation (11) with fringe contrast
where we have set ζ π ≡ ζ and denoted ζ σ ≡ ζ cos as the effective contrast of the σ pair of lines. When viewing along B, γ = 0 and the contrast is sensitive only to the two circular σ components. When viewing transverse to B the fringe contrast depends on the mixture of components transmitted by the first polarizing plate. For example, when β = 0, only the π component is analysed by the MOSS spectrometer and ζ = ζ π . In total, there are four unknown quantities, the Zeeman component contrast ζ , the magnetic field strength and the orientation angles γ and β. There are a number of possible strategies for extraction of these parameters. For example, setting δ 1 = δ 2 = (π/2) sin( P t) generates a spread of harmonic carriers that encode the field strength as well as combinations of the orientation angles (γ , β) (we assume P is significantly less than the MOSS modulation frequency ). We here consider some simple cases that illustrate the instrument behaviour.
Upon inspection of equation (39) it is apparent that by setting δ 1 = 0 and modulating δ 2 ≡ δ 2 sin( P t) it is possible to probe the magnetic field azimuth β. If the delay amplitude is π radians, this is equivalent to placing a switching half wave plate in front of the MOSS spectrometer that alternately selects the π (narrowband) and σ (broadband) components. In this case, the final interferogram now has fringe contrast
consisting of a dc component ζ dc ≡ ζ σ = ζ cos and a modulation of amplitude ζ ac ≡ (ζ π − ζ σ ) sin 2 γ and phase (relative to the polarimeter angle δ 2 ) given by the azimuthal angle β. The modulation amplitude, which depends on the component separation induced by the magnetic field, can be optimized with appropriate choice of the phase delay introduced by the birefringent plate. The ability to discern the modulation induced by the magnetic field when thermal broadening is significant is considered in section 6.1. Note that when the lineof-sight is aligned with the magnetic field (γ = 0), the π component is no longer visible, and the modulation disappears.
Equation (39) also shows that the interferometric phase is sensitive to variations in the polar tilt angle γ through the term s 3 p 3 . If we set δ 1 = δ 2 = π/2 [ p = (0, 0, 1)], the interferometric phase shift generated by the spectral separation of the orthogonal elliptically polarized σ components is given by
When γ = 0 (viewing along B), the phase excursion φ B = corresponds to the spectral shift of the σ + component. When the phase of δ 2 reverses, the σ − component is detected and the phase shift φ B also reverses. Determination of γ from knowledge of φ B , however, also requires knowledge of the magnetic field strength. From the foregoing, it is clear that only β can be recovered directly. However, using some basic trigonometry, the measured quantities can be combined to give the component contrast ζ :
With knowledge of ζ , the other quantities follow directly. Given the wide field of view, a polarimeter/MOSS camera can be located close to a plasma viewing port and the interferograms relayed by optical fibre to one or more detector arrays. Since the full multiplet is observed, only a relatively wideband interference filter is required to isolate the spectrum. Finally, because the polar and azimuthal angles (γ , β) are carried by the modulation components, some information can be obtained without concern for instrument calibration or possible pollution of the passband by unpolarized background.
Measurements on a magnetized lamp
To test the system performance we have measured the Zeeman splitting of the 3 S 1 -3 P 0 transition at 468 nm (κ = 1.60) in a zinc dc discharge lamp (18 V, 2 A) placed between the poles of a Helmholtz coil electromagnet. Observing in a direction perpendicular to the magnetic field γ = π/2, and choosing δ 1 = 0 and δ 2 = π (half wave plate) the first MOSS polarizer transmits only the two outer σ components of the normal triplet (β = π/2). The detector then senses the superposition of the separate interferograms:
The beating of the two interferograms gives rise to a B-dependent cosinusoidal modulation of the fringe contrast that can be measured by electro-optically modulating the MOSS phase delay as usual.
We have ramped the magnetic field and recorded the demodulated MOSS interferogram. The magnetic field strength is monitored using a Hall probe whose calibration was checked against standard magnets and confirmed by measurements of the Zeeman splitting using a highresolution grating spectrometer. Figure 10 shows the recorded fringe contrast versus magnetic field strength obtained using a 4-crystal MOSS system of total thickness L = 100 mm. Superimposed is the expected contrast modulation. The close agreement confirms the result for the wavelength-dependent delay dispersion given by equation (4) .
If the field is not normal to the line-of-sight, the σ components become elliptical. An initial quarter wave plate δ 1 = π/2 converts the circular components to linear. Subsequent modulation of δ 2 then shifts the interferometer phase as the mixture of σ + and σ − components transmitted by the polarizer is varied. The effect is shown in figure 11 for magnetic field Time (ms) Intensity (arb. units) Figure 11 . (a) Zeeman MOSS spectrometer signal when viewing the magnetic field at angle γ = 105˚and (b) γ = 75˚. Because the radiation is elliptically polarized, the interferogram phase is modulated by the spectral shifting introduced by the sinusoidally varying phase delay δ 2 applied to the second polarimeter wave plate. The spectral shifting introduced by the polarimeter modulation (slow component) changes the ratio of the fundamental and second harmonic amplitudes generated by the MOSS modulation (fast component).
inclination angles γ = 105˚and γ = 75˚. The rapid fringes are produced by the MOSS modulation at frequency (see equation (15)). The slower modulation in fringe contrast and phase is generated by the electro-optic modulation of the second delay plate phase δ 2 sin( P t). The shift in the interferogram phase is manifested as a change in the ratio of fundamental and second harmonic components of the MOSS frequency, as the phase offset about which the interferogram is being modulated is advanced or retarded. More comprehensive experimental results will be presented elsewhere [23] .
Imaging of relative emission line intensities
Similar ideas to those outlined above can be applied to the measurement of emission line intensity ratios-a powerful technique for estimating the relative abundances of isotopes [24] , as well as other plasma parameters. For example, it has been established that the ratio of the emission intensities I 1 and I 2 of helium singlet and triplet transition radiation is a sensitive measure of the electron temperature [25, 26] . Unfortunately, calculation of the ratio ρ = I 1 /I 2 from independent light intensity measurements, can be noise prone, especially when the emission intensities are weak or the lines significantly overlap. Moreover, estimation of the ratio requires careful relative calibration of the sensitivities of the detection channels for each spectral line. When the spectral lines are very close, they can be difficult to resolve because of thermal broadening and other effects.
We have recently applied coherence-imaging techniques for sensitive and direct estimation of the ratio of H β and D β emission from resonantly rf heated plasmas in the H-1 heliac [27] . When the intensity ratio of a simple line pair changes, the spectral centre of mass of the line pair shifts, giving rise to both a phase shift and contrast change. By monitoring the coherence, the separate line-integrated component intensities can be recovered using just a single detector element per viewing sightline. This obviates the need for relative channel sensitivity calibration and opens the way for two-dimensional imaging of relative isotope abundances, electron temperatures or other physical parameters upon which the intensity ratio is dependent.
Measurement principle
For a pair of spectral lines, the total interferogram can be expressed as (see equation (11))
and we have introduced the mean and difference phases φ 0 = (φ 1 +φ 2 )/2 and δ = (
When modulation is applied, the delay modulation termφ 1 must of course be included in the interferometer phase. When the separation of the line pair is small, that is ξ P ≡ λ P /λ 0 = ν P /ν 0 1, the difference phase is closely approximated by
The difference phase δ can be calculated from the known birefringent phase shift φ 0 and the spectral line frequencies.
The total interferogram intensity I 0 , phase φ 0 + η and contrast ζ are extracted numerically from the digitized MOSS light signals. Provided there is a known fixed relationship between the component contrasts ζ 1 and ζ 2 , the three independent equations (46)-(48) then allow determination of the unknown intensities and the spectral line widths.
The choice of optimum optical delay difference δ is dictated by the ratio of the spectral line separation λ P = λ 2 − λ 1 ( H β 486.133 nm and D β 486.005 nm), to spectral line width (in our case, this is typically ∼0.02 nm-see figure 12 ). For simplicity, assuming ζ 1 ≈ ζ 2 ≡ ζ 0 , it can be seen that it is desirable to maximize the quantity ζ 0 sin δ in order to be most sensitive to the intensity difference expressed by equation (48). For a Gaussian spectral lineshape exp(−σ 2 ξ 2 /2) of normalized width σ , it is straightforward to show that the optimum delay difference δ (or equivalently, delay offsetφ 0 ) is given by the solution to
When the separation ξ P is large compared to the width σ this yieldsφ 0 → π/2 corresponding to the first node of the interference beat pattern. When the width is large, the degradation of the spectral line contrast dominates and the optimum delay becomesφ 0 → 1/σ , at which point the spectral line contrast is 1/e 2 . Figure 13 shows the variation of the optimum phase δ with the width to separation ratio σ/ξ P together with the associated optimum sensitivity factor ζ 0 sin δ. It is notable that reasonable sensitivity to the difference intensity persists up to σ/ξ P 10, allowing the relative abundance to be estimated without the need for profile-fitting.
H/D isotope relative abundance measurements in H-1
A recent improvement to the MOSS camera has been to replace the interference filter used for isolating the spectral region of interest with a high-throughput low-resolution grating spectrograph. The MOSS and imaging optics form an image of the plasma on the 1 mm wide entrance slit. This is subsequently re-imaged through the spectrograph onto a 16-element linear multi-anode photomultiplier tube array located in the spectrograph image plane. The best-fit trapezoidal instrument response used in these experiments is shown in figure 12 . Though not as light-efficient as the interference filter, this arrangement offers much greater wavelength flexibility and background light rejection.
Based on the representative experimental spectrum shown in figure 12 and using equations (47) and (48), we have modelled the variation of the interferogram contrast and phase as a function of the ratio ρ of H to D atoms and mean waveplate delay φ 0 (see figure 14) . The low-level irregularites in the contours are produced by contaminating lines within the spectral passband. For these experiments a lithium niobate birefringent plate of thickness 5 mm gives a calculated difference delay δ = 71˚and a mean delay φ 0 /2π = 950 waves leading to only minimal contrast degradation for the separate components (ζ 0 ∼ 0.92). The delay at which our measurements are made is indicated by the vertical line in figure 14 . The calculated difference phase can be checked experimentally by using equations (47) and (48) in the case where either the hydrogen or deuterium intensities are negligible. The experimental value δ expt = 70 ± 5˚is found to be in good agreement with that calculated using equation (49) and the Sellmeier equations for lithium niobate (see, e.g. [28]). When the relative line intensities change, the interferogram contrast and phase are constrained by equations (46)- (48) to lie on the the curve ζ Figure 15 shows the calculated interferogram phase shift η versus fringe contrast ζ for a 5 mm thick delay plate. Superimposed are experimentally measured ζ − η traces for one of the camera channels. The different shades indicate distinct discharges covering a range of static fill mixtures of hydrogen and deuterium. Hydrogen rich discharges occupy the upper branch of the curve. Observe that the contrast is a minimum when the particle numbers are equal, and that the interferogram phase shifts as one or other of the species dominates. The close correspondence between model and measurement confirms that the instrument is properly measuring the light intensity ratios. Outlier points are due to errors in calculation of the phase and contrast when the light intensity is low. Figures 16(a) and (b) show the temporal evolution of the emission intensity, and interferogram phase and contrast for the camera channel closest to the helical ring conductor (topmost in figure 3 ). The data were obtained for discharges in mixtures of H and D with relative pressures (a) (p H : 0.02, p D : 0.98) and (b) (p H : 0.5, p D : 0.5), keeping the total gas pressure constant at 7 × 10 −6 Torr. The discharges were undertaken at a field strength of 0.5 T corresponding to the hydrogen ion cyclotron resonant frequency for 7 MHz rf excitation. The relative line-integrated atom number densities extracted from the emission intensity and spectral coherence are also shown. The delay to breakdown in discharge (a) is due to the inefficiency of the resonant minority heating scheme when the gas is hydrogen starved. Note, however, the gradual increase in H/D ratio signalled by the ramp in the interferometric phase and decrease in fringe contrast during the discharge evolution. This behaviour, which is most pronounced for this inner spatial channel, suggests a considerable release of hydrogen gas from the surface of the helical conductor during the plasma pulse. The effect is evident also for discharge (b) having equal H and D partial fill pressures.
The cross-section and pulse-averaged brightness ratios are shown as a function of relative fill pressure in figure 17 . For comparison are overplotted the pulse-integrated brightness ratios obtained using a grating spectrometer (see figure 12 ) coupled to a fibre collecting radiation along a toroidal plasma chord. The agreement is satisfactory, while the data confirm 
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Pressure ratio P H /P D Radiance ratio (H/D) Figure 17 . Comparison of the space and time averaged brightness ratio versus fill pressure ratio p H /p D for the MOSS imaging camera ( ) and using the grating spectrometer (•). Minor discrepancies may be due to the fact that the grating spectrometer views the plasma along a toroidal chord while the camera data is from a poloidal cross-section. The data show disproportionately high emission from hydrogen most likely due to plasma-liberation of hydrogen from material surfaces.
that hydrogen liberated from in-vessel walls and components is contributing significantly to the plasma particle inventory. More detailed results from these studies, including spatial distributions and magnetic-configuration dependence will be presented elsewhere. As a result of these and other impurity radiation studies, new coil and tank heating systems are being installed to remove hydrogen and impurities trapped on the stainless-steel plasma-facing surfaces, while calibrated supersonic gas injection systems are being designed for targeted plasma fuelling.
Multiple delay spread-spectrum systems
As shown in section 4.1, a single delay camera will not provide sufficient information to characterize more complex lineshapes. The spread-spectrum optical Fourier transform (SOFT) Figure 18 . The Zeeman beat pattern monitored simultaneously at six independent interferometric delays using a 3-crystal plate SOFT system. The longer-delay measurements show a more rapid beating of the two components with increasing magnetic field.
spectrometer allows simultaneous measurements of the coherence of a narrowband spectral feature at a multiplicity of delays. SOFT is a generalization of the MOSS spectrometer that utilizes a number of birefringent electro-optic plates mutually aligned at 45˚and placed between crossed or parallel polarizers. As its name suggests, the coherence information is now encoded across a series of harmonics of the common sinusoidal drive voltage applied to the electro-optic crystals [13] . The instrument is the coherence-analog of a slit spectrometer equipped with an image plane detector array. The SOFT, however, uses a single detector per spatial channel, the 'spectral' pixels are the harmonic carriers in the temporal frequency domain.
Results obtained using a three-crystal plate system (six independent delays) observing the Zeeman-split σ components of the Zn 468 nm line are shown in figure 18 . The longer-delay measurements show a more rapid beating of the two components with increasing magnetic field. While there is reasonable agreement between our observations and low-field Zeemaneffect calculations, care must be taken to avoid unwanted etalon effects which are temperature and alignment sensitive. Further research is being undertaken to improve the accuracy and reliablility of these multi-component systems.
